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Abstract 
Sixteenth International Specialty Conference on Cold-Formed Steel Structures 
Orlando, Florida USA, October 17-18, 2002 
Testing of Bolted Cold-Formed Steel Connections in Bearing 
(With and Without Washers) 
J. A. Wallace! and R. M. Schuster2 
Presently there are two cold-formed steel structural design documents in North America, i.e., in 
the USA, the Specification for the Design of Cold-Formed Steel Structural Members, published 
by the American Iron and Steel Institute (AISI 1996) and in Canada, the Standard for Cold-
formed Steel Structural Members, published by the Canadian Standards Association (CSA 1994). 
The bearing strength of bolted connections is treated differently in these two design documents. 
The North American Specification for the Design of Cold-formed Steel Structural Members 
(NAS 2001) contains a new approach for bearing of bolted connections. This approach is similar 
to the current S136 Standard (CSA 1994) approach, which has been considered in this 
investigation. 
Contained in this paper are the test results of single and double shear cold-formed steel bolted 
connections failing in bearing, with and without washers. The test data were compared with the 
methods for determining the bearing strength of cold-formed steel bolted connections currently 
used in the AISI Specification (AISI 1996), the S136 Standard (CSA 1994), and the North 
American Specification (NAS 2001). 
1.0 Introduction 
The bearing strength of bolted connections is treated differently in the two current North 
American design documents of cold-formed steel structural members (AISI 1996 and S 136 
1994). In the case of the S136 Standard (CSA 1994), only one expression is presented that applies 
to all bolted connections such as single and double shear, as well as, with and without washers. In 
the AISI Specification (AISI 1996), however, a distinction is made regarding single shear and 
double shear connections and between whether or not washers are used. More specifically, the 
following two categories are presented, with and without washers: 
1. Inside sheet of double shear connection 
2. Single shear and outside sheet of double shear connection 
1 Graduate student in the Department of Civil Engineering at the University of Waterloo, 
Waterloo, Ontario, Canada. 
2 Professor of Structural Engineering and Director of the Canadian Cold-formed Steel Research 
Group, Department of Civil Engineering, University of Waterloo, Waterloo, Ontario, Canada. 
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Having recently carried out calibrations using the available bolted connection data found in the 
published literature, it was discovered that no data exists for the case of a double shear connection 
without washers where the outside sheets fail in bearing. Based on this, tests were carried out at 
the University of Waterloo to provide data for double shear connections without washers where 
the outside sheets fail in bearing. It was also decided to test additional single shear specimens 
failing in bearing to add to the pool of existing data. As well, all of these tests were duplicated 
with washers in order to obtain a good comparison with the specimens without washers. 
The North American Specification for the Design of Cold-formed Steel Structural Members 
(NAS 2001) contains a new approach for bearing of bolted connections. This approach is similar 
to the current S136 Standard (CSA 1994) approach, which has been considered in this 
investigation. 
Contained in this paper are the test results of single and double shear cold-formed steel bolted 
connections failing in bearing. Connections with and without washers were studied. The test data 
were compared with the current provisions for determining the bearing strength of cold-formed 
steel bolted connections in the AISI Specification (AISI 1996), the S136 Standard (CSA 1994), 
the North American Specification (NAS 2001) and with a recommended approach resulting from 
this study. 
2.0 Bearing Strength Methods 
2.1 Current AISI Approach (Section E3.3) 
Presented in Section E3.3 of the AISI Specification AISI (1996) is a Table of nominal bearing 
strength expressions containing a bearing factor, which varies from 2.22 to 3.33. Shown in Tables 
1 and 2 are the nominal strength expressions for the different cases of bolted connections. The 
AISI Specification (AISI 1996) method recognizes that the use of washers does increase the 
bearing strength, however, the dlt ratio is not included in the expression. The equations in Tables 
1 and 2 give the nominal bearing strength per bolt, which is a function of the stress ratio, FulFsy, 
of the connected part and not a function of dlt. Allowable stress design is referred to as ASD and 
load and resistance factor design is LRFD. 
Table 1: Nominal Bearing Strength for Bolted Connections With Washers Under Both Bolt 
Head and Nut 
Thickness of 
Connected Part, t Type of Joint FulFsy ratio of Q cp Nominal in. Connected Part ASD LRFD Strength, P n 
(mm) 
Inside sheet of double ;::: 1.08 2.22 0.55 3.33 Fu d t 
shear connection < 1.08 2.22 0.65 3.00 Fu d t 0.024 ~ t < 0.1875 
Single shear and 
(0.61) ~ t < (4.76) out-side sheets of No Limit 2.22 0.60 3.00 Fu d t double shear 
connection 
t;::: 3116 See AISC ASD or LRFD Specifications 
t> (4.76) 
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Table 2: Nominal Bearing Strength for Bolted Connections Without Washers Under Both 
Bolt Head and Nut, or With Only One Washer 
Thickness of 
Connected Part, t Type of Joint F,/Fsy ratio of 
g 
«I> Nominal 
in. Connected Part ASD LRFD Strength, P n 
(mm) 
Inside sheet of double ~ 1.08 2.22 0.65 3.00 Fu d t 
shear connection 
0.036 ~ t < 0.1875 Single shear and (0.914) ~ t < (4.76) out-side sheets of 
double shear ~ 1.08 2.22 0.70 2.22 Fu d t 
connection 
t ~ 3/16 See AISC ASD or LRFD Specifications 
t ~ (4.76) 
2.2 Current S136 Approach (CSA 1994) 
Currently, the factored bearing resistance per bolt, Br, is computed in accordance with Clause 
7.3.5.1 of the S136 Standard (CSA 1994), which is presented in Equation 2.1. No differentiation 
is made between connections with washers or without washers. The coefficient, C, typically 
referred to as the bearing factor, is a function of the ratio of the bolt diameter to the plate 
thickness, dlt. 
Br = «I>u C d t Fu (2.1) 
Although it is recommended that a washer be used under the end of the fastener that is turned, the 
values of Table 3 shall apply whether or not washers are used. The bearing resistance is 
independent of whether the thread or shank bears, or if any tension is in the fastener. 
Table 3: Factor C, for Bearing Resistance 
Ratio of fastener diameter 
to member thickness, dlt 
dlt< 10 
10 ~ dlt ~ 15 
dlt> 15 





The North American Specification (NAS 2001) supercedes the AISI Specification (AISI 1996) 
and the S136 Standard (CSA 1994). The method used in the North American Specification (NAS 
2001) is similar to the S136 Standard (CSA 1994) approach. As with the S136 Standard (CSA 
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1994), the North American Specification (NAS 2001) method for bearing of bolted connections 
with washers is based on Equation 2.1. However, based on the research by (Rogers and Hancock 
1998,1999) and (Wallace et al. 2001a), new formulations of the bearing factor, C, are used. The 
bearing factor is a function of the dlt ratio and is dependant on the containment of the bearing 
material, i.e., with washers, without washers, or the inside sheet of a double shear connection. 
Again, the bearing strength per bolt is defined by Equation 2.1. 
If washers are used for single shear and outside sheets of double shear connections, the bearing 
factor, C, is determined from Table 4. 
Table 4: Bearing Factor, C, for Bolted Connections With Washers 
Ratio of fastener diameter 
to member thickness, dlt 
dlt< 10 
10:::;; dlt:::;; 22 
dlt > 22 
C 
3.0 
4 - O.l(dlt) 
1.8 
If washers are not used, the bearing factor, C, in Table 4 is multiplied by 0.75 to recognize the 
reduced strength of the connection. 
For the inside sheet of a double shear connection, the bearing factor, C, in Table 4 is multiplied 
by 1.33 to recognize the increased containment of the inside sheet. 
3.0 Testing 
3.1 Test Equipment 
All testing was performed on an Instron testing machine - Model 4206. The maximum tensile 
strength of the machine was 5000 kg and was capable of providing both digital readings as well 
as load-elongation curves of the test specimens. 
3.2 Test Specimens 
Two different steel thicknesses were used to with the test specimens. Standard coupon tests of the 
steel were performed, the results of which are summarized in Table 5. Single bolt specimens were 
assembled and measured as per Figure 1 and double bolt specimens as per Figure 2. Varying the 
values of e, e1, and the bolt diameter, d, created a variety of different specimen configurations. It 
should be noted that the punched holes in each specimen were 1/16th of an inch (1.6 mm) larger 
than the bolt diameter. 
Standard machine bolts and washers, supplied by the Faculty of Engineering machine shop, were 
used. 
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Six bolted specimens of each configuration were tested, three with washers and three without 
washers. For double shear connections, the smaller steel thickness was chosen for the outer plate. 
The two thicknesses were chosen such that the thicker plate would be more than double the 























Note: Values are average ofthree 50 mm coupon specimens 
The Instron testing machine was equipped with non-changeable closed grips, hence, the 
specimens were limited to a maximum width of 2.1 in. (54 rom), which further imposed a limit 
on the size of bolts that could be used. Bolts larger than 112 in. (12.7 mm) in diameter could result 
in the specimen tQ fail in tension instead of bearing. Using a wider specimen would introduce an 
eccentricity into the specimen during loading, making it impossible to have a true bearing mode 
of failure. Based on this, all specimens tested were 2 in. (50 rom) in width. 
Single Shear, equal thickness 
r-1 r- l $ 
Single Shear, different thickness 
r-2 r-1 ~ 





Figure 1: Schematic of Single Bolt Specimens 
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Single Shear, equal thickness 
It I !t-I -, H : 
Single Shear, different thickness I I 1 t-2 j~- H ~ 
Double Shear 
!t-l A r-2 , : 
t-2 
e el e 
Plan I I I 
SI2 I I I 
I ~--ft.- I 
SI2 I h I I 
S 
Figure 2: Schematic of Double Bolt Specimens 
3.3 Testing of Specimens 
Each specimen was placed in the grips of the Instron machine and a tension load was applied 
until failure was reached. Loading of each specimen was plotted during testing (the applied load 
on the vertical y-axis and the elongation on the horizontal x-axis). Failure of the specimen was 
defined as the point at which the specimen experienced plastic deformation, which was observed 
as the maximum value on the load-elongation curve. Once the applied load began to drop, even as 
the specimen continued to elongate, the test was stopped. At this point, the bearing mode of 
failure could be clearly identified for each specimen. 
4.0 Test Results 
4.1 General 
Geometric properties and test loads of the specimens can be found in Tables Al through A4 of 
Appendix A. Summarized in Tables 6 through 11 are the comparisons between the tested and 
predicted bearing strengths. The preferred method is the one that produces test/calculated 
ratios,PtlP c, closest to one. 
4.2 Specimen Notation 
The following notation was used to identify the test specimens: 










specimen number of a particular configuration 
with washers; [ifWO, then without washers] 
single shear using thicker plate; [if SST, then single shear using thinner 
plates; if MIX, then single shear with one thin and one thick plate]; if not 
given, specimen was double shear 
end distance in (mm) for single bolt 
center-to-center distance between bolts in (mm) of double bolt 
connection 
bolt diameter in inches 
torque applied to bolt in ft-Ib; when not given, 10 ft-Ib was used 
4.3 Description of Typical Bearing Failure 
Shown in Figure 3 is a typical load-elongation curve of a bearing failure. As can be observed 
from Figure 3, at initial load application some bolt slippage was experienced. This bolt slippage 
was the result of the degree of bolt torque that was present in the specimen. Following this, the 
specimen experienced elastic deformation (linear behavior), which then progressed into plastic 
deformation (non-linear behavior). Failure of the specimen was defined as the maximum load that 
the specimen was able to carry, which could be observed from the load-elongation curve, as well 
as from the peak volt meter reading. After the maximum load was reached, the specimen 
continued to deform, resulting in greatly elongated bolt holes (See Figure 4). Once the applied 
load began to drop, even as the specimen continued to elongate, the test was stopped. More 
specifically, the single shear sheets curled outward, which was also the case with the outside 
sheets of the double shear specimens, as can be observed from Figures 5 and 6, respectively. 
--::c------~:~a:~~~ehas 
been achieved 
- Bolt Slippage 
Figure 3: Typical Load-Elongation Curve of Bearing Failure 
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(a) 
Figure 4: Typical Bearing failure of a Bolted Connection 
[(a) Without Washers and (b) With Washers] 
Figure 5: Typical Bearing Failure of a Bolted Connection in Single Shear 
[Without Washers] 
(b) 
As can be observed from Figure 7, at failure the outside sheets of both single and double shear 
specimens without washers conformed to the perimeter contour of the bolt head or bolt nut. In 
contrast, specimens with washers conformed to the perimeter of the washers, as can be observed 
from Figure 8. 
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Figure 6: Typical Bearing Failure of a Bolted Connection in Double Shear 
[With Washers] 
Figure 7: Failed Double Shear Specimens Without Washers 
4.3 Comparisons 
Summarized in Tables 6 and 7 are the results of the comparisons of the bearing method currently 
used by the AISI Specification (AISI 1996). Summarized in Tables 8 and 9 are the results of the 
comparisons of the bearing method currently used by the S 136 Standard (CSA 1994). Finally. 
summarized in Table 10 and II are the results by using the bearing method contained in the 
North American Specification (N AS 200 I). 
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Figure 8: Failed Double Shear Specimens With Washers 
Table 6: Summary of Comparisons Using Current AISI (1996) Method for Bolted 
Connections in Bearing With Washers 
Number of Average P,lPc Standard Coefficient of Specimens Deviation Variation 
Single Shear 21 0.911 0.233 0.256 Single Bolt 
Double Shear 30 0.864 0.146 0.169 Single Bolt 
Double Shear 9 0.997 0.018 0.018 Double Bolt 
Total 60 0.900 0.176 0.196 
Table 7: Summary of Comparisons Using Current AISI (1996) Method for Bolted 
Connections in Bearing Without Washers 
Number of Average P,lPc Standard Coefficient of Specimens Deviation Variation 
Single Shear 20 0.893 0.236 0.265 Single Bolt 
Double Shear 30 0.857 0.144 0.167 Single Bolt 
Double Shear 9 1.057 0.039 0.037 Double Bolt 
Total 59 0.900 0.183 0.204 
740 
Table 8: Sunmlary of Comparisons Using Current S136 (1994) Method for Bolted 
Connections in Bearing With Washers 
Number of Average PtlPc Standard Coefficient of Specimens Deviation Variation 
Single Shear 21 1.030 0.135 0.131 Single Bolt 
Double Shear 30 0.986 0.101 0.102 Single Bolt 
Double Shear 9 0.997 0.018 0.D18 Double Bolt 
Total 60 1.003 0.108 0.107 
Table 9: Summary of Comparisons Using Current (CSA 1994) Method for Bolted 
Connections Without Washers 
Number of Average PtlPc Standard Coefficient of Specimens Deviation Variation 
Single Shear 20 0.750 0.093 0.125 Single Bolt 
Double Shear 30 0.723 0.056 0.077 Single Bolt 
Double Shear 9 0.782 0.029 0.037 Double Bolt 
Total 59 0.741 0.071 0.095 
Table 10: Summary of Comparisons Using the (NAS 20Ot) Method for Bolted 
Connections in Bearing With Washers 
Number of Average PtlPc Standard Coefficient of Specimens Deviation Variation 
Single Shear 21 1.024 0.131 0.128 Single Bolt 
Double Shear 30 0.962 0.102 0.106 Single Bolt 
Double Shear 9 0.997 0.019 0.019 Double Bolt 
Total 60 0.989 0.109 0.110 
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Table 11: Summary of Comparisons Using the (NAS 2001) Method for Bolted 
Connections in Bearing Without Washers 
Number of Average PIPe Standard Coefficient of Sl;!ecimens Deviation Variation 
Single Shear 20 0.997 0.140 0.141 Single Bolt 
Double Shear 30 0.939 0.069 0.073 Single Bolt 
Double Shear 9 1.045 0.039 0.037 Double Bolt 
Total 59 0.975 0.103 0.105 
The relationship of the bearing factor, C, versus the dit ratio for bolted connections with washers 
is illustrated in Figure 11 and for bolted connections without washers in Figure 12. In accordance 
with Equation 2.1, the theoretical bearing factors, C, used by the S136 Standard (CSA 1994), the 
AISI Specification (AISI 1996), and the North American Specification (NAS 2001) are 
highlighted on Figures 11 and 12. For additional detailed information, consult reference (Wallace 
et al. 2001a). 
4.4 Calibration 
Calibrations to determine the resistance factors, <1>, for LRFD and LSD and the factor of safety, n, 
for the ASD design method in the AISI Specification (AISI 1996) and the LSD design method in 
the S136 Standard (CSA 1994) are reported in the paper, "Calibrations of Bolted Cold-Formed 
Steel Connections in Bearing (With and Without Washers)," by Wallace, LaBoube and Schuster 
(Wallace et al. 2001b). 
5.0 Conclusions and Recommendations 
The use of washers is significant in bolted connections when bearing is the mode of failure, 
which is not recognized by the current S136 Standard (CSA 1994). It is however, recognized by 
the AISI Specification (AISI 1996), but the method for computing the bearing strength does not 
recognize the bolt diameter to plate thickness ratio, dit. 
The North American Specification (NAS 2001) has adopted Equation 2.1, using the bearing 
factor, C, presented in Table 4 with washers. Outside sheet failure in double shear bolted 
connections behave in a similar manner as single shear connections. Based on this study, when 
considering single shear or outside sheets of double shear bolted connections without washers, 
the bearing factor of Table 4 must be multiplied by 0.75. 
When considering the inside sheet of a double shear connection, the bearing factor of Table 4 
should be multiplied by 1.33 to account for the increased bearing strength confinement. Washers 
have no effect on the inside sheet of a double shear connection. 
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7.0 Notations 














C bearing factor from Table 3 (CSA 1994) or Table 4 (NAS 2001) 
d nominal bolt diameter 
Fu = tensile strength of sheet 
t = uncoated sheet thickness 
cP = resistance factor 
CPu resistance factor (= 0.75) 
n = factor of safety (ASD only) 
8 0 
8 l',. 
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Figure 11: Bearing Factor, C, for Single Shear and Outside Sheets 
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Figure 12: Bearing Factor, C, for Single Shear and Outside Sheets 
of Double Shear Bolted Connections Without Washers 
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Appendix A - Geometric Properties and Test Loads 
Table AI: Geometric Properties and Test Loads of Double Shear Specimens 
With Washers 
Specimen Number t-I t-2 d h s e e1 Fu 
Notation of Bolts (mm) (mm) (mm) dlt (mm) (mm) (mm) (mm) (MPa) 
1-ww-50 1 1.38 0.640 6.35 9.92 7.94 50 50 - 382 
2-ww-50 1 1.38 0.640 6.35 9.92 7.94 50 50 - 382 
3-ww-50 1 1.38 0.640 6.35 9.92 7.94 50 50 - 382 
1-ww-40 1 1.38 0.640 6.35 9.92 7.94 50 40 - 382 
2-ww-40 1 1.38 0.640 6.35 9.92 7.94 50 40 - 382 
3-ww-40 1 1.38 0.640 6.35 9.92 7.94 50 40 - 382 
1-ww-30 1 1.38 0.640 6.35 9.92 7.94 50 30 - 382 
2-ww-30 1 1.38 0.640 6.35 9.92 7.94 50 30 - 382 
3-ww-30 1 1.38 0.640 6.35 9.92 7.94 50 30 - 382 
1-ww-20 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
2-ww-20 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
3-ww-20 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
1-ww-20-t5 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
2-ww-20-t5 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
3-ww-20-t5 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
1-ww-20-t15 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
2-ww-20-t15 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
3-ww-20-t15 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
1-ww-30-50 2 1.38 0.640 6.35 9.92 7.94 50 30 50 382 
2-ww-30-50 2 1.38 0.640 6.35 9.92 7.94 50 30 50 382 
3-ww-30-50 2 1.38 0.640 6.35 9.92 7.94 50 30 50 382 
1-ww-30-40 2 1.38 0.640 6.35 9.92 7.94 50 30 40 382 
2-ww-30-40 2 1.38 0.640 6.35 9.92 7.94 50 30 40 382 
3-ww-30-40 2 1.38 0.640 6.35 9.92 7.94 50 30 40 382 
1-ww-30-30 2 1.38 0.640 6.35 9.92 7.94 50 30 30 382 
2-ww-30-30 2 1.38 0.640 6.35 9.92 7.94 50 30 30 382 
3-ww-30-30 2 1.38 0.640 6.35 9.92 7.94 50 30 30 382 
1-ww-40-3/8 1 1.38 0.640 9.53 14.9 11.1 50 40 - 382 
2-ww-40-3/8 1 1.38 0.640 9.53 14.9 11.1 50 40 - 382 
3-ww-40-3/8 1 1.38 0.640 9.53 14.9 11.1 50 40 - 382 
1-ww-30-5/16 1 1.38 0.640 7.94 12.4 9.53 50 30 - 382 
2-ww-30-5/16 1 1.38 0.640 7.94 12.4 9.53 50 30 - 382 
3-ww-30-5/16 1 1.38 0.640 7.94 12.4 9.53 50 30 - 382 
1-ww-50-1/2 1 1.38 0.640 12.7 12.4 14.3 50 50 - 382 
2-ww-50-1/2 1 1.38 0.640 12.7 12.4 14.3 50 50 - 382 
3-ww-50-1/2 1 1.38 0.640 12.7 12.4 14.3 50 50 - 382 
1-ww-50-5/8 1 1.38 0.640 15.9 5.75 17.5 50 50 - 382 
2-ww-50-5/8 1 1.38 0.640 15.9 5.75 17.5 50 50 - 382 











































Table A2 Geometric Properties and Test Loads of Single Shear Specimens 
With Washers 
Specimen Number t-1 t-2 d d/t h s e e1 Notation of Bolts (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
1-ww-ss-5/16 1 0.640 0.640 7.94 12.4 9.53 50 30 -
2-ww-ss-5/16 1 0.640 0.640 7.94 12.4 9.53 50 30 -
3-ww-ss-5/16 1 0.640 0.640 7.94 12.4 9.53 50 30 -
1-ww-sst-5/16 1 1.38 1.38 7.94 5.75 9.53 50 30 -
2-ww-sst-5/16 1 1.38 1.38 7.94 5.75 9.53 50 30 -
3-ww-sst-5/16 1 1.38 1.38 7.94 5.75 9.53 50 30 -
1-ww-sst-1/4 1 1.38 1.38 6.35 4.60 7.94 50 30 -
2-ww-sst-1/4 1 1.38 1.38 6.35 4.60 7.94 50 30 -
3-ww-sst-1/4 1 1.38 1.38 6.35 4.60 7.94 50 30 -
1-ww-mix-1/4 1 1.38 0.640 6.35 9.92 7.94 50 30 -
2-ww-mix-1/4 1 1.38 0.640 6.35 9.92 7.94 50 30 -
3-ww-mix-1/4 1 1.38 0.640 6.35 9.92 7.94 50 30 -
1-ww-ss-1/4 1 0.640 0.640 6.35 9.92 7.94 50 30 -
2-ww-ss-1/4 1 0.640 0.640 6.35 9.92 7.94 50 30 -
3-ww-ss-1/4 1 0.640 0.640 6.35 9.92 7.94 50 30 -
1-ww-ss-1/2 1 0.640 0.640 12.7 19.8 14.3 50 50 -
2-ww-ss-1/2 1 0.640 0.640 12.7 19.8 14.3 50 50 -
3-ww-ss-1/2 1 0.640 0.640 12.7 19.8 14.3 50 50 -
1-ww-ss-5/8 1 0.640 0.640 15.9 24.8 17.5 50 50 -
2-ww-ss-5/8 1 0.640 0.640 15.9 24.8 17.5 50 50 -
























Table A3: Geometric Properties and Test Loads of Double Shear Specimens 
Without Washers 
Specimen Number t-1 t-2 d d/t h s e e1 Fu Notation of Bolts (mm) (mm) (mm) (mm) (mm) (mm) (mm) (MPa) 
1-wo-50 1 1.38 0.640 6.35 9.92 7.94 50 50 - 382 
2-wo-50 1 1.38 0.640 6.35 9.92 7.94 50 50 - 382 
3-wo-50 1 1.38 0.640 6.35 9.92 7.94 50 50 - 382 
1-wo-40 1 1.38 0.640 6.35 9.92 7.94 50 40 - 382 
2-wo-40 1 1.38 0.640 6.35 9.92 7.94 50 40 - 382 
3-wo-40 1 1.38 0.640 6.35 9.92 7.94 50 40 - 382 
1-wo-30 1 1.38 0.640 6.35 9.92 7.94 50 30 - 382 
2-wo-30 1 1.38 0.640 6.35 9.92 7.94 50 30 - 382 
3-wo-50 1 1.38 0.640 6.35 9.92 7.94 50 30 - 382 
1-wo-20 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
2-wo-20 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
3-wo-20 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
1-wo-20-t5 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
2-wo-20-t5 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
3-wo-20-t5 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
1-wo-20-t15 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
2-wo-20-t15 1 1.38 0.640 6.35 9.92 7.94 50 20 - 382 
3-wo-20-t15 1 1.38 0.640 6.35 9.92 7.94 50 20 - 38? 
1-wo-30-50 2 1.38 0.640 6.35 9.92 7.94 50 30 50 382 















































Specimen Number t-1 t-2 d d/t h s e e1 Notation of Bolts (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
3-wo-30-50 2 1.38 0.640 6.35 9.92 7.94 50 30 50 
1-wo-30-40 2 1.38 0.640 6.35 9.92 7.94 50 30 40 
2-wo-30-40 2 1.38 0.640 6.35 9.92 7.94 50 30 40 
3-wo-30-40 2 1.38 0.640 6.35 9.92 7.94 50 30 40 
1-wo-30-30 2 1.38 0.640 6.35 9.92 7.94 50 30 30 
2-wo-30-30 2 1.38 0.640 6.35 9.92 7.94 50 30 30 
3-wo-30-30 2 1.38 0.640 6.35 9.92 7.94 50 30 30 
1-wo-40-3/8 1 1.38 0.640 9.53 14.9 11.1 50 40 -
2-wo-40-3/8 1 1.88 0.640 9.53 14.9 11.1 50 40 -
3-wo-40-318 1 1.38 0.640 9.53 14.9 11.1 50 40 -
1-wo-30-5I16 1 1.38 0.640 7.94 12.4 9.53 50 30 -
2-wo-30-5/16 1 1.38 0.640 7.94 12.4 9.53 50 30 -
3-wo-30-5/16 1 1.38 0.640 7.94 12.4 9.53 50 30 -
1-wo-50-1/2 1 1.38 0.640 12.7 19.8 14.3 50 50 -
2-wo-50-1/2 1 1.38 0.640 12.7 19.8 14.3 50 50 -
3-wo-50-1/2 1 1.38 0.640 12.7 19.8 14.3 50 50 -
1-wo-50-5/8 1 1.38 0.640 15.9 24.8 17.5 50 50 -
2-wo-50-5/8 1 1.38 0.640 15.9 24.8 17.5 50 50 -
3-wo-50-5/8 1 1.38 0.640 15.9 24.8 17.5 50 50 -
Table A4: Geometric Properties and Test Loads of Single Shear Specimens 
Without Washers 
Specimen Number t-1 t-2 d d/t h s e e1 Notation of Bolts (mm) (mm) (mm) (mm) (mm) (mm) (mm) 
1-wo-ss-5/16 1 0.640 0.640 7.94 12.4 9.53 50 30 -
2-wo-ss-5/16 1 0.640 0.640 7.94 12.4 9.53 50 30 -
3-wo-ss-5/16 1 0.640 0.640 7.94 12.4 9.53 50 30 -
1-wo-sst -5/16 1 1.38 1.38 7.94 5.75 9.53 50 30 -
2-wo-sst-5/16 1 1.38 1.38 7.94 5.75 9.53 50 30 -
3-wo-sst -5/16 1 1.38 1.38 7.94 5.75 9.53 50 30 -
1-wo-sst-114 1 1.38 1.38 6.35 4.60 7.94 50 30 -
2-wo-sst-1/4 1 1.38 1.38 6.35 4.60 7.94 50 30 -
3-wo-ssl-1/4 1 1.38 1.38 6.35 4.60 7.94 50 30 -
1-wo-mix-1/4 1 1.38 0.640 6.35 9.92 7.94 50 30 -
2-wo-mix-1/4 1 1.38 0.640 6.35 9.92 7.94 50 30 -
3-wo-mix-1/4 1 1.38 0.640 6.35 9.92 7.94 50 30 -
1-wo-ss-1I4 1 0.640 0.640 6.35 9.92 7.94 50 30 -
2-wo-ss-1/4 1 0.640 0.640 6.35 9.92 7.94 50 30 -
1-wo-ss-1/2 1 0.640 0.640 12.7 19.8 14.3 50 50 -
2-wo-ss-1/2 1 0.640 0.640 12.7 19.8 14.3 50 50 -
3-wo-ss-1/2 1 0.640 0.640 12.7 19.8 14.3 50 50 -
1-wo-ss-5/8 1 0.640 0.640 15.9 24.8 17.5 50 50 -
2-wo-ss-5/8 1 0.640 0.640 15.9 24.8 17.5 50 50 -
3-wo-ss-5/8 1 0.640 0.640 15.9 24.8 17.5 50 50 -
Fu Pt 
(MPa) (kN) 
382 14.2 
382 14.1 
382 14.6 
382 14.2 
382 15.1 
382 15.4 
382 14.0 
382 7.26 
382 7.52 
382 7.65 
382 7.82 
382 6.58 
382 6.98 
382 9.80 
382 9.62 
382 9.16 
382 10.3 
382 10.3 
382 10.3 
Fu Pt 
(MPa) (kN) 
382 3.23 
382 3.27 
382 3.39 
361 9.12 
361 8.51 
361 8.26 
361 9.16 
361 8.92 
361 9.03 
382 3.52 
382 3.47 
382 3.73 
382 3.27 
382 3.30 
382 4.25 
382 4.43 
382 4.00 
382 5.45 
382 5.43 
382 5.41 
